Abstract: Enzymatic polymerization of m-substituted phenols has been achieved in the presence of 2,6-di-O-methyl-β-cyclodextrin (DM-β-CD) in a buffer. A watersoluble complex of the monomer and DM-β-CD was formed and polymerization was performed by peroxidase catalyst to give the polymer in high yields. Formation of the inclusion complex was confirmed by NOESY NMR. The association constant was determined by NMR and found to depend on the monomer structure.
Introduction
Cyclodextrins (CDs) are cyclic oligoamyloses providing a hydrophobic cavity ranging from approx. 6 Å to 10 Å. There has been much interest in supramolecular chemistry using them as host molecules. CDs were found to form inclusion complexes with various polymers with high selectivity [1] [2] [3] .
CDs also form water-soluble inclusion complexes with many organic compounds showing low solubility towards water. Recently, we have reported that water-soluble complexes are formed from hydrophobic monomers such as styrene or (meth)-acrylates with methylated β-CD in water. The complexes were subjected to freeradical polymerizations and copolymerizations, yielding water-insoluble vinyl polymers in high yields [4, 5] . During polymerization, the CD generally slips off from the guest component and remains in the aqueous phase owing to its high water solubility, then the resulting polymer precipitates. Furthermore, the degree of the polymerization could be controlled by the addition of a water-soluble chain transfer agent (N-acetyl-L-cystein) [6] . Under atom-transfer conditions, the polymerization of the CD-complexed vinyl monomers showed a living character [7] .
Horseradish peroxidase (HRP) is a kind of heme glycoprotein that catalytically oxidizes a wide variety of aromatic substrates to free radicals, typically phenols to phenoxy radicals, at the expense of hydrogen peroxide. In case of the phenol monomers having unsubstituted o-and/or p-positions, the resulting phenoxy radicals easily couple with each other step by step to give higher molecular weight products. Since HRP has been reported to maintain its activity even in a mixture of buffer and water-miscible organic solvents, HRP-catalyzed polymerizations of aromatic compounds have been extensively studied in such media [8] [9] [10] [11] [12] [13] [14] [15] .
HRP-catalyzed polymerizations of phenols have received much attention, because they are expected to be an alternative to the production of conventional phenolic resins under mild conditions, avoiding toxic formaldehyde [8] [9] [10] [11] [12] [13] [14] [15] . In the polymerization of unsubstituted phenol, use of an aqueous methanol solvent afforded the soluble polyphenol showing high thermal stability [16, 17] . m-Substituted phenols were enzymatically polymerized in an aqueous methanol to produce a polymer readily soluble in polar solvents such as acetone and methanol [18] . The peroxidase catalysis induced a chemoselective polymerization of phenols having a reactive unsaturated group, yielding thermally or photochemically crosslinkable polyphenols [19] [20] [21] [22] [23] [24] .
Except highly hydrophilic phenolic monomers, an organic solvent is often required as cosolvent for the efficient production of the soluble polyphenols [8] [9] [10] [11] [12] [13] [14] [15] ; the polymerization in water often gave the insoluble polymer in low yields [17] . Very recently, polymerization in the presence of CD derivatives has been expanded to the HRPcatalyzed oxidative coupling; water-soluble complexes of p-substituted hydrophobic phenols and 2,6-di-O-methyl-β-cyclodextrin (DM-β-CD) were formed in water and oxidatively polymerized by HRP catalyst [20] . The present study deals with HRPcatalyzed polymerization of m-substituted phenols (1) in a buffer in the presence of DM-β-CD (Scheme 1), in which the soluble polymer was obtained in high yields without organic solvents. 
Results and discussion
In this study, the m-substituted
, and m-iodophenol (1e) were used. Even in case of phenols showing low solubility towards water (1a, 1c, 1d, and 1e), water-soluble inclusion complexes (2) consisting of DM-β-CD and 1 were readily formed by stirring at room temperature; the heterogeneous aqueous solution of 1 became clear and homogeneous after the addition of a slight excess of DM-β-CD.
The formation of 2 was confirmed by NMR spectroscopy in D 2 O. 1 H NMR spectroscopy has been often used to confirm complex formation by change of chemical shifts [25] . In the 1 H NMR spectrum of an equimolecular mixture of 1a and DM-β-CD, a distinct change was observed compared to those of 1a or DM-β-CD (Fig. 1) . Upon complex formation, methyl protons of 1a were shifted from δ = 2.21 to a lower magnetic field of δ = 2.25; on the other hand, a reverse tendency was seen for aromatic protons of 1a and CD protons. Similar behaviors were also observed in spectra of m-halogenated phenols (1b-1d). More clear evidence of the complex formation was obtained by two-dimensional nuclear Overhauser effect spectroscopy (2D-NOESY) (Fig. 2) , which has been extensively used for structural characterization, especially information of proton vicinity [26, 27] . The 2D-NOESY NMR spectrum of an equimolecular mixture of 1a and DM-β-CD in D 2 O showed intermolecular cross peaks between methyl and aromatic protons of 1a and DM-β-CD, as pointed out by the circles in Fig. 2 . These data clearly indicate the proximity of 1a and the inner protons of DM-β-CD by formation of the inclusion complex. The association constant (K a ) for 2 was measured according to Benesi-Hildebrand [25, 28] . Fig. 3 shows the effects of the concentration of DM-β-CD on the 1 H or 19 F NMR chemical shifts. For all the monomers except 1e, there is a linear relationship between the reciprocals of chemical shift and concentration. K a was calculated from the ratio of intercept to slope. K a values were higher than 100 M -1 (Tab. 1), which is enough large to solubilize the monomer in the present concentration.
After complexation, the oxidative polymerization was carried out by HRP catalyst. Polymerization results are summarized in Tab. 1, in which results in the absence of DM-β-CD are shown for comparison. During the polymerization, polymeric precipitates were formed, which were collected by centrifugation. Residual DM-β-CD was removed by reprecipitation and washing with water. The presence of DM-β-CD efficiently produced polymer (3) soluble in polar organic solvents such as acetone, N,N-dimethylformamide (DMF), dimethyl sulfoxide, and tetrahydrofuran (THF). On the other hand, polymer yield dramatically decreased in the absence of DM-β-CD. This may be due to low conversion of the phenolic monomer [17] . Furthermore, the polymer obtained in the absence of DM-β-CD showed very low solubility towards any solvent. These results indicate that the complexation of phenols by DM-β-CD plays a very important role for the polymerization of phenols in water. NMR and IR spectra of the present polymer were similar to those previously obtained without DM-β-CD in aqueous organic solvents [18, 29] . Analysis of 3a by fast atom bombardment (FAB) g) Not determined due to small peak shift.
Conclusion
m-Substituted phenols (1) were successfully polymerized by HRP catalyst in water in the presence of DM-β-CD, yielding soluble polyphenols in high yields. NMR analysis exhibited complexation of 1 and DM-β-CD. Monomers 1a-1d possess a large association constant of the complexation. The present study clearly shows that commercially available DM-β-CD is a very useful additive for the efficient production of polymer without use of organic solvents.
Experimental part
m-Substituted phenols and DM-β-CD were commercially available and used as received. Horseradish peroxidase (HRP) was purchased from Wako Pure Chemical Co. and used without further purification.
The following is a typical procedure for the polymerization (entry 1): Under air, msubstituted phenol (2.0 mmol) and HRP (10 mg) in 0.1 M phosphate buffer (pH 7.0) (10 mL) were placed in a 50 mL flask. DM-β-CD (2.2 mmol) was added to the solution and vigorously stirred until the solution became clear. Hydrogen peroxide (5.0 % aq. solution, 1.36 mL, 2.0 mmol) was added dropwise to the mixture for 2 h at room temperature under air. After subsequent stirring of the reaction mixture for 1 h, the resulting precipitates were collected by centrifugation. The precipitates were solved in a small amount of tetrahydrofuran and repreciptated by pouring into a large amount of water, followed by washing with water repeatedly to remove DM-β-CD completely. The purified precipitates were dried in vacuo to give 0.22 g of the polymer (yield 100 %).
SEC analysis was carried out using a TOSOH SC8010 apparatus with a refractive index (RI) detector at 40°C under the following conditions: TSKgel G3000H HR column and THF eluent at a flow rate of 1.0 mL/min. The calibration curves for SEC analysis were obtained using polystyrene standards. 1 H NMR and 2D-NOESY spectra were recorded on a 400 MHz Bruker DPX-400 spectrometer. FAB mass measurement was carried out using a JEOL high performance JMS-HX110 mass spectrometer.
